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ABSTRACT 
Hard, wear-resistant materials have potential utility as both coatings and bulk 
components in wear-prone applications. First-principle calculations performed by other 
investigators indicated that TaB2 and WB2 could be in the class of ultra-hard materials (hardness 
> 45 GPa), while MoB2 could be slightly less hard, but still in the “super-hard” range (hardness 
>30 GPa). However, relatively little empirical work has been done to confirm or refute such 
ultra-hard/super-hard expectations for the materials, and they have seen essentially no 
engineering use.  
In this study, research was performed to determine whether:  
 MoB2, NbB2, TaB2, and WB2 have high hardness.  
 These borides have potential to be used as wear- and corrosion-resistant 
materials.  
 Their engineering properties could be improved by mixing two of the diborides 
together.  
The study determined that only the mixed-phase diborides with no WB2 content showed 
an increase in hardness vis-à-vis the four pure compounds. However, all of the mixed-phase 
samples except the WB2-NbB2 specimens showed improved wear-resistance.  
  Ball-on-flat testing was conducted on the four pure diborides using a base 0W30 oil and 
also using 0W30 base oil containing 1% zinc dialkyldithiophosphate (ZDDP) additive, a wear-
reducing agent that is sometimes added to lubricating oils. In these tests MoB2 showed the 
lowest steady-state coefficient of friction and the least wear of the steel counter-face. The  
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ZDDP additive was found to actually degrade performance of the MoB2 sample, while having 
no effect on the other diborides.  
  Corrosion testing showed that none of the 28 samples reacted with deionized water or a 
20% sodium hydroxide solution. All the samples showed reaction in the 5% sodium chloride 
aqueous solution, forming an adherent surface film that was not removed during a subsequent 
cleaning process. All three samples with 80% MoB2 content were severely attacked by a 50% 
nitric acid solution, and the pure MoB2 sample dissolved completely in nitric acid.  
  Ultimately, it was concluded that the sample with the best properties for engineering 
use was the Nb0.8Ta0.2B2 mixed phase diboride. 
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CHAPTER 1: INTRODUCTION 
Many engineering components rely not only on their bulk properties, but also on their 
surface characteristics. This is especially true in wear-resistant components, which often must 
function in a wide variety of environments. The behavior of a material interacting with other 
objects is dependent on three major aspects: the surface properties, the surface contact area, 
and the environment in which the material must operate. 
 Surface properties like coefficient of friction and surface roughness play a crucial role in 
the wear of a material. High surface roughness, if your material is soft, will cause a decrease in 
contact area, which will lead to higher stresses, more wear, and will lead to three-body wear. If 
your material is hard, it can act as an abrasive and wear into the opposing surface. The 
coefficient of friction, µ, of your material will also affect the performance. If the coefficient is 
high, it will lower the efficiency of the system and will cause the surfaces to heat up. A low 
coefficient of friction means less energy lost due to friction and less strain on the material.  
The surface contact area between two new surfaces is usually very low, due so surface 
roughness, and surface defects, like asperities. Due to the low contact area, the stress is 
concentrated on these points, which causes them to wear down faster or break off. As this 
occurs, the surfaces of the materials come into greater contact with each other, increasing the 
contact area thus decreasing the contact stress. 
The environment is the most crucial aspect to take into account when choosing the 
appropriate material for a component. The environment determines the constraints the 
material will be under. The material could be used under a high load, strain, or temperature. It 
could be in a corrosive environment, where the material is under chemical attack. 
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Transition metal borides exhibit unique combinations of properties such as high melting 
points, high hardness, high thermal and chemical stability, and excellent corrosion and 
oxidation resistances, so they have been the focus of much research. They are seen by many to 
be promising materials for new heat-, corrosion-, and wear-resistant alloys and coatings 
because their properties compare favorably with many widely used non-boride materials [1] 
(Table 1.1), many of these physical properties and their relationships with wear will be 
discussed in further detail later.  
Even though extensive research has been done on transition-metal borides, a majority 
of the work has been focused on preparation of TiB- or TiB2-containing composites. With the 
exception of superconducting MgB2, other borides have received less research attention. This 
work focuses on other transition metal borides, specifically TaB2, MoB2, WB2, and NbB2, and 
their combinations.  
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Table 1.1.  Mechanical and physical properties of several ceramics used as wear-resistant 
materials and the four materials studied in this project (shown in italics). 
Coating Hardness, 
Elastic 
Modulus, 
Deformation 
relative Density 
Fracture 
Toughness 
Friction 
Coefficient 
Material H (GPa) E (GPa) to yielding (H/E)  (g/cm3) K1C (MPa√m) μ 
WC 15 [2] 
600-720 
[3] 0.0227 15.63 2.0-3.8 [3] 
0.4-0.6  
(WC on steel) [4] 
AlMgB14 32-35 [5] 
470-510 
[6] 0.0673 2.59 3.0-4.0 [7] 
0.06-0.09 
(Steel pin-on-disk) 
[8] 
MoS2 8.1 [9] 200 [10] 0.0405 5.06 1.8 [9] 
0.15 (ball on flat) 
[11] 
TiB2 25-35 [12] 565 [12] 0.0531 4.52 6.2 [12] 0.9 [12] 
TiN 31 [13] 550 [13] 0.0564 5.22 5 [14] 
0.8-1.2  
(TiN on Steel) [15] 
Al2O3 15 [16] 
215-413 
[3] 0.0478 3.90 3.3-4.8 [3] 0.4 [16] 
MoB 16.4* [17] 519* [17] 0.04104 8.65 Unavailable Unavailable 
WB 24.5* [18] 552* [18] 0.04438 15.3 Unavailable Unavailable 
MoB2 16.4* [17] 429* [17] 0.03823 7.12 Unavailable Unavailable 
       
WB2 43.2* [19] 360* [20] 0.1200 10.77 Unavailable 
0.23 (Thin film)  
(Al2O3 ball on disk) 
[19] 
MoB2 33.1* [21] 569* [22] 0.0429 - Unavailable Unavailable 
NbB2 19.1 [23] 512 [24] 0.0373 6.97 Unavailable Unavailable 
TaB2 42-45 [23] 551 [25] 0.0789 11.15 3.5-4.5 [26] Unavailable 
*Calculated  
 
Hardness 
The hardness of a material is one of the most important mechanical properties in wear 
and has been widely employed as a criterion to predict abrasive wear resistance. For some 
annealed pure metals and steels, the abrasive wear resistance has been found to be linearly 
proportional to their hardness. In contrast, metals and alloys that have been work hardened 
have a considerable increase in hardness, but the wear resistance remained unchanged, and in 
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some cases, decreased. In the case of martensitic and pearlitic steels, the hardness was 
proportional to the wear resistance; however, this is not the case with ferritic steels (See Fig. 
1.1). It has been suggested that the microstructure has a greater influence on abrasive wear 
resistance than bulk hardness. 
 
Figure 1.1. Wear resistance vs hardness, general trends [27]. 
In the cases of WC-Co, it was found that abrasion resistance tends to increase with 
increasing hardness [28]. According to most investigators, when the hardness of WC-Co alloys 
increases but is lower than the hardness of the abrasive material, the rate of increase in the 
abrasive resistance is low. However, when the hardness of the abrasive is lower than that of the 
alloy, the rate of increase in abrasive resistance with increasing hardness is high [29].  
Figure 1.2 shows the wear curves of five different coatings and uncoated substrate of 
high-speed steel in an abrasive wear test with Al2O3 abrasives [30]. The numbers in brackets 
show the micro-hardness values. The figure clearly shows that the wear rate of Ti-B-C coating is 
about one tenth of the uncoated substrate, while the hardness of Ti-B-C is about ten times 
larger than that of the substrate. 
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Figure 1.2. Wear volume removed vs Wear time.  
Values in [ ] are Vickers micro-hardness of test materials [30]. 
Despite all the trends observed by various investigators in various systems, quantitative 
relationships between abrasion resistance and hardness have not been established because 
hardness is an intrinsic property of a material, while abrasion resistance is not intrinsic and may 
depend on variables such as testing technique used, properties of the abrasive, and 
environmental conditions. Therefore, it isn’t possible to form a universal quantitative 
relationship between abrasion resistance and hardness. It’s only possible to create quantitative 
relationships for specific experimental conditions.  
 Of the borides being studied in this project, tungsten diboride, molybdenum diboride 
and tantalum diboride, have had hardness reported in the literature. Molybdenum diboride has 
the lower hardness (24.2 GPa), while tantalum diboride has a hardness of 45 GPa, putting it into 
the range of superhard materials. Even with molybdenum diboride’s lower hardness, it is still 
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within the range of titanium diboride and only tungsten diboride (43.2 GPa) and AlMgB14 (32-35 
GPa) have higher hardnesses. The tantalum diboride and tungsten diboride hardness values are 
essentially equal.  A report on rhenium diboride was made recently that claimed extraordinary 
hardness, but that measurement was made at such a low indentation load that it is suspect. 
 
Hardness to Elastic modulus ratio 
 Hardness has long been regarded as a primary parameter affecting friction and wear of 
materials, according to Archard’s equation: 
𝑄 =  
𝐾𝑊𝐿
𝐻
  [31] 
Where Q is the total volume of wear debris, W is the total normal load, H is the hardness of the 
material, K is a dimensionless constant, and L is sliding distance. However, there are cases 
where Archard’s equation does not apply. Several researchers found that materials with lower 
hardness had better wear resistance [32-35]. They suggested that Young’s modulus, as well as 
hardness, has an important role in wear resistance [32-38]. As shown in the following section 
on fracture toughness, the ratio of hardness to Young’s modulus, H/E, has been proposed as 
one of the key parameters in controlling wear [32-35]. But few experiments exist that 
unambiguously show the effect of H/E because in previous studies both H/E and the chemical 
compositions of the contact pairs were different. A high H/E ratio is often a reliable indicator of 
good wear resistance in a coating, with the caveat that super- or ultra-hardness should not be 
pursued at the cost of extreme elastic property mismatch between coating and substrate, since 
this will restrict the practical applicability of such coatings [33]. 
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 Tungsten diboride has the highest deformation relative to yielding (H/E) amongst the 
materials listed, with a value of 0.120. However, its elastic modulus is a calculated value. 
Tantalum diboride, though, has the second highest with a value of 0.789. Since there are no 
published data on the hardness of NbB2, the ratio cannot be calculated. Molybdenum diboride 
has a low H/E ratio, but the elastic modulus and hardness listed are calculated, not 
experimental, values. 
 
Fracture Toughness 
 A number of wear models have been developed based on the assumption that the 
material subjected to cracking is removed and that the abrasives are so hard that their 
deformation is negligible [39]. These models tend to be complicated expressions, like: 
𝑉 𝛼 𝐾𝑐
−3/4
 𝐻−1/2 𝑃5/4  [40]   
Where, V is the volume loss per unit distance of sliding, Kc is the fracture toughness, H is the 
indentation hardness, and P is the applied load. Another such expression uses E, the elastic 
modulus: 
𝑉 𝛼 𝑃1.125𝐾𝑐
−0.5𝐻−0.625 (
𝐸
𝐻
)
0.8
 [41] 
  Unfortunately, it has not been possible to validate these models by experiments [42-46]. 
The effects of local fracture toughness can be seen in various experiments [47,48]. However, 
these equations overstate the effects of brittle fracture. Even though the models cannot be 
validated, they both agree that wear rate and fracture toughness are inversely related. 
 Amongst the diborides being studied in this project, the only fracture toughness values 
found were for tantalum diboride, at 3.5-4.5 MPam1/2. This value is similar to aluminum oxide 
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(3.3-4.8) and higher than tungsten carbide (2.0-3.8). However, even though most investigators 
who have studied fracture toughness’ effect on wear rate agree that the two are inversely 
related, there is no agreement as to the magnitude of said relationship. Fracture toughness 
gives only a very general indication of a material’s resistance to abrasive wear.  
 
Electrical Resistivity 
Electrical resistivity is not associated with wear, however, there are many applications 
where an electrically conductive hard coating is needed. Three of the new diborides being 
studied in this project has low electrical resistivity (12.87, 1.95, and 0.63 μΩ*cm for MoB2, 
NbB2, and TaB2, respectively). MoB2 has the highest resistivity of these three diborides, but its 
resistivity is still only about half that of tungsten carbide (20 μΩ*cm). This level of conductivity 
allows these diborides to be easily machined using electrical discharge machining (EDM).  
 
Coefficient of Friction 
Coefficients of friction and wear are parameters used to describe the state of contact of 
bodies in a tribological system. They are not material constants of the bodies in contact. They 
are, however, treated as material properties for technical convenience but only in special states 
of contact. Friction and wear in a system must be exactly related with each other in each state 
of contact; therefore, a comprehensive and simple relationship should not be expected. On the 
other hand, some tribologists, have introduced successful methods of controlling wear without 
asking the details of the wear mechanism [49]. 
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The study of the mechanics of friction and friction’s relationship to wear dates back to 
the sixteen century, almost immediately after Newton’s law of motion was published. It has 
been observed by several authors [50-58] that the variation of friction and wear rate depends 
on interfacial conditions such as normal load, geometry, relative surface motion, sliding speed, 
surface roughness of the rubbing surfaces, type of material, system rigidity, temperature, 
relative humidity, lubrication, and vibration. Among all of these factors, sliding speed and 
normal load are the two major factors that play a significant role in the variation of friction and 
wear rate. The third law of friction, which states that friction is independent of velocity, is 
generally not valid.  The coefficient of kinetic friction as a function of sliding velocity generally 
has a negative slope. Any changes in the sliding velocity change the shear rate, which can 
influence the mechanical properties. Bhushan and Jahsman [59,60] stated that the strength of 
many metals and nonmetals is greater at high shear strain rates, which results in a lower real 
area of contact and lower coefficient of friction in dry contact. However, Bhushan also stated 
that high normal pressures and high sliding velocities can result in high interface temperatures 
that could also reduce the strength of most materials [61]. In some cases, localized surface 
melting reduces shear strength, and friction drops to a low value based on the viscosity and 
lubrication caused by the liquid layer. 
Fridmen and Levesque [62] suggest that part of the friction reduction is due to the 
negative slope of the dependence of the friction force upon velocity. The friction force is a 
function of velocity and time of contact. For most materials when the velocity increases, the 
friction decreases, and when the duration of contact increases, friction increases.  Fridmen and 
Levesque’s explanation is that when velocity increases, momentum transfer in the normal 
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direction increases producing an upward force on the upper surface. This results in increased 
separation between the surfaces and decreases the real area of contact. 
When materials with surface films are deliberately applied or produced by reaction with 
the environment, the coefficient of friction may not remain constant as a function of load. In 
cases of sliding friction of hard coatings, such as diamond, c-BN or DLC against a softer metal or 
ceramic, the friction coefficient tends to be high since the asperities on the coating surface 
work as an abrasive. It varies from 0.4 to 0.05 in the cases of diamond and DLC coatings, 
depending on the surface roughness [63]. Because of this, the initial surface roughness of a 
coating should be minimized when its hardness is high in order to avoid these asperities. 
In many metal pairs in the high-load regime, the coefficient of friction decreases with 
load. Bhushan [64] and Blau [65] reported that increased surface roughening and a large 
quantity of wear debris are believed to be responsible for a decrease in friction. However, it has 
also been observed that the coefficient of friction may be very low for very smooth surfaces 
and/or at loads in the micro- to nanoNewton range [66,67]. These investigations 
notwithstanding, the effects of sliding speed and normal load remain incompletely understood. 
 Little to no wear testing has been done on WB2, MoB2, NbB2, and TaB2, so nothing is 
known about their wear mechanics or coefficients of friction. WB2, which has the same crystal 
structure, has a 0.23 coefficient of friction. While 0.23 is lower the 0.80 value for steel on steel, 
it is not as low as some other materials, such as TiB2 + AlMgB14, whose value is an exceptionally 
low 0.04. 
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Table 1.2.  Additional properties of selected ceramics used as thin films. 
Coating 
Melting 
Temperature Crystal Structure 
Electrical 
Resistivity CTE  
Poisson's 
Ratio, 
Material (K) System (Pearson symbol) ρ (μΩ·cm) (μm/m·Co) ν 
WC 3047 [68] Hexagonal (hP2) [69] 20 [70] 3.80 [1] 0.24 [69] 
AlMgB14 ~2300 [72] Orthorhombic (oI64) [73] 
4.4*10^6 
[74] 9.00 [75] 
0.09-0.1 
[76] 
MoS2 1185^ [77] Hexagonal (hP6) [78] 
2.5*10^3 
[79] 8.60 [80] 0.125 [81] 
TiB2 3503 [82] Hexagonal (P6/mmm) [83] 20.4 [84] 7.80 [1] 0.108 [12] 
TiN 3203 [84] Cubic (cF8) [86] 
1.01*10^2 
[87] 9.35 [88] 0.20 [89] 
Al2O3 2345 [90] Trigonal (hR30) [91] 
1*10^20 
[92] 8.40 [1] 0.231 [3] 
MoB 2180^ [93] Tetragonal (tI16) [93] Unavailable Unavailable  
WB 2665 [94] Tetragonal (tI16) [94] Unavailable Unavailable  
MoB2 2140^ [95] Hexagonal (hR18) [95] Unavailable Unavailable  
      
WB2 2638 [91] Hexagonal (hP3) [96] 
3.13*10^2 
[97] 7.80 [1] 0.31* [98] 
MoB2 2648^ [99] Hexagonal (hP3) [100] 12.87
a 8.60 [1] 0.19* [97] 
NbB2 3309 [102] Hexagonal (hP3) [103] 1.95
 a 8.00 [1] 0.21 [24] 
TaB2 3310 [104] Hexagonal (hP3) [105] 0.63
 a 8.20 [1] 0.189 [26] 
 *Calculated        ^Incongruently melts at given temperature  aThis Work 
 
Crystal Structure 
All four of the diborides have the hexagonal hP3 crystal structure. As can be seen in Fig. 
1.3, the structure has alternating layers of pure metal and pure boron. This hexagonal structure 
is similar to that of graphite, which has a very low coefficient of friction. This suggests that the 
hP3 structure will also cause these diborides to have low coefficients of friction.  
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Figure 1.3. Hexagonal hP3 crystal structure [106].  
Pink atoms are boron; green atoms are the metal atoms. 
Surface Interactions 
 The surface interacts not only with the corresponding workpiece but also the 
environment. Wear resistant materials not only need to be able to withstand the physical 
attack during its lifetime but also any chemical attack from the environment. If the coating is 
susceptible to chemical attack by the environment, the piece will undergo corrosive wear. 
Corrosive wear can result in total material losses much greater than the additive effects of 
corrosion and wear taken alone. So materials that are corrosion resistant will be more 
beneficial than those without, and they will have a wider range of applications. The corrosion 
resistance will be discussed in this section. 
 The material can also undergo a reaction with the environment to form a film at the 
surface. These films can be beneficial, by acting as a lubricating layer, or harmful, by forming a 
weaker material that is more susceptible to wear. The production of this film is called the soft 
film reaction effect and will be discussed further below. 
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Melting Temperature 
 Melting temperature does not have a direct correlation to wear rate. However, melting 
temperature is related to bond strength, which, in turn, is related to many material properties 
such as hardness, elastic moduli, etc. Higher melting materials typically have higher hardnesses, 
but in many cases high-melting materials are difficult to form. Some materials, like diamond 
and c-BN, are metastable, making them difficult and costly to produce. In contrast, WB2, MoB2, 
NbB2 and TaB2 are easily produced via ball milling and hot-pressing at a temperature well below 
their respective melting temperatures. All of the diborides have melting temperatures of 
2500+oC, so they will be thermally stable for most applications. 
 
Corrosive resistance 
 Corrosive wear is the degradation of materials by the combined action of corrosion and 
wear [107]. The combined effects of corrosion and wear can cause material losses greater than 
the additive effects of each process taken alone. Corrosion and wear processes involve many 
mechanisms, the combined actions lead to the mutual reinforcement of their effectiveness. 
Seventeen synergistic relationships between abrasion, impact, and corrosion that could 
significantly increase wear damage in wet and aqueous environments have been identified 
[108]. 
One way to reduce and combat corrosive wear is to use one of the many types of 
surfaces treatments available. Among these treatments is the addition of a thin film. Tantalum 
diboride has been corrosion tested using sea water and sulfuric acid. It exhibited no 
measureable corrosion in 10% sulfuric acid at room temperature [109]. In sea water there was 
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a decrease in weight, however, this was attributed to the corrosion of the copper substrate 
through pinholes in the films. Tantalum diboride, itself, is completely stable in sea water. 
Neither NbB2 nor MoB2 has been tested for corrosion resistance. NbB2 has had some 
first-principle calculations done, which determined that amongst niobium, zirconium, 
vanadium, and titanium diborides, it is the most chemically stable. Chemical stability does not 
necessarily mean that a material will be corrosion resistant, but it is a favorable indicator. 
 
Soft reaction film effect 
 Some hard ceramics, such as Al2O3, Si3N4 and SiC, will react in humid air or water. In the 
case of silicon-based ceramics, silicon oxide or silicon hydro-oxide will form under repeated 
contact or sliding. Alumina also forms a hydro-oxide by sliding in water. These oxides or hydro-
oxides in humid air or water are soft or soluble, causing wear surfaces to smooth out. It also 
allows for hydro-dynamic lubrication. Fig. 1.4 shows the smoothing process of the initial rough 
surface of Si3N4 by wear in repeated sliding against Si3N4 and the corresponding reduction in 
friction coefficient [110]. The wear state in Fig. 1.4 is mild, and the wear mode is tribo-chemical 
wear where the generated materials are soft and/or soluble in water. In this case, a reaction 
layer on a ceramic acts as a soft coating and its wear mechanism is similar to soft coatings such 
as MoS2, Pb, or In. 
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Figure 1.4. The smoothing of initial rough surface of Si3N4 by the repeated sliding in  
water against itself (a) and the resultant low friction in water (b). [110] 
It is currently unknown if the proposed diborides will form any such byproducts. 
AlMgB14 + TiB2 wear surfaces are known to form boric acid (H3BO3). However, it is believed that 
TiB2 is more susceptible to forming boric acid than AlMgB14. So while some boric acid formation 
is expected, the amount that will form on these three dibordes is completely unknown.  
 
Surface roughness 
 The relationship between surface roughness and wear is a frequent and practical 
concern to engineers that develop any mechanical devices. This concern is not only in terms of 
economic aspects of the design, like the relative cost, but also in terms of performance aspects, 
like life. These concerns have made surface roughness and its effect on the wear process a 
focus of many investigations. Many theories have been proposed and some conclusions have 
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been made. For example, the shapes of hard asperities have a marked effect on friction and 
wear. However, no relationship between the surface roughness and the slopes of abrasive 
asperities has been found. Therefore, it is difficult to estimate the wear rate of a softer metal 
sliding on hard abrasive surfaces of various roughnesses [111].  
 In sliding friction of a hard coating, such as diamond or DLC, against a softer material of 
metal or ceramic, the friction coefficient tends to be high since asperities on the coating surface 
work as an abrasive. The coefficient of friction can vary from 0.4 to 0.05, in the cases of 
diamond and DLC coatings depending on their roughness [39]. Therefore, the initial surface 
roughness of a coating should be minimized when its hardness is high in order to avoid its 
delamination. 
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CHAPTER 2: EXPERIMENTAL PROCEDURE 
 Twenty-eight diboride samples were prepared for this experiment. These included four 
pure diborides (TaB2, MoB2, WB2, and NbB2), plus every 20% increment of the six binaries 
between each of the pure diborides, e.g. Ta0.2W0.8B2, Ta0.4W0.6B2, Ta0.6W0.4B2, and Ta0.8W0.2B2, 
was made for a total of 24 mixed diboride samples. 
Each sample was made by milling the elemental powders. The boron was 95% pure 
boron powder purchased from SB Boron Corp. The B was vacuum outgassed at 800oC to 
remove adsorbed oxygen and moisture. The tantalum was H.C. Starck Inc. capacitor-grade 
tantalum powder, the molybdenum was 99.95% -100 mesh powder from Johnson Matthey 
Electronics, the niobium was 99.8% -325 mesh powder from Johnson Matthey Catalog 
Company, and the tungsten was 99.9% 2-18 micron size powder from Alfa Aesar. 
The elemental constituents were weighed inside a glovebox with an atmosphere of pure 
argon with less than 1 ppm O2 and very low water vapor content to make 10g batches. Each 
batch was then sealed into a Spex jar, taken out of the glovebox and milled with 52100 steel 
milling media for eight hours to ensure homogeneity. The Spex vial was then placed back into 
the glovebox, where the mixed powder was retrieved. The powder was then loaded into a 12.7-
mm diameter graphite die for hot pressing. The graphite die was coated with hexagonal –BN 
and graphite foil to lubricate the die and to minimize any reaction between the die and the 
specimen. Consolidation was performed in a Centorr vacuum hot press under 106 MPa 
pressure for 1 hour at 1400oC to produce specimens that were cylindrical in shape with a 
12.7mm diameter and a height of approximately 3.5mm. Each sample was then polished with a 
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series of abrasive diamond media; the final abrasive size was a 1-micron diamond polishing 
suspension. 
 The XRD patterns were collected using a Cu Kα radiation with a Panalytical X-ray 
diffractometer. Knoop hardness was measured using a Beuhler Micromet 2100 Series 
Microhardness Tester.  
A Bud Labs loop abrasion tester was used to measure dry abrasion wear rates (Figure 
2.1) on all 28 specimens. In this system the abrasive tape is 25.4 mm wide and the loop is 1.32 
m in length. A small hole was made in the tape to facilitate optical counting of the number of 
loop cycles. The counter was set to automatically shut off after 680 cycles. This results in a 
sliding speed of 15.0 m/min and a total sliding distance of 898 meters. The tape is a 30-µm-grit 
alumina abrasive tape made by 3M Corporation. A new tape is used for every test. Once the 
test had begun, the tape was not altered to dress the tape or to prevent the loading of wear 
debris.  The sample was secured in a vice holder at the end of a rotating arm. The arm was then 
balanced, before the 200-gram weight was added, to ensure that the downward force was due 
only to the weight with no contribution from mass of the sample or the arm. The arm was then 
adjusted in order to have line contact with the apex of the tape. This test was conducted using 
ASTM G174-03 in order to ensure reproducibility and for comparison to other known materials. 
The wear scar created by the loop abrasion test was measured using a Wyko NT9100 Series 
Optical Profilometer to determine wear volume. 
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Figure 2.1. Loop abrasion tester. Sample holder is in the testing position  
(with weight attached) at the top of the apex.  
No sample was loaded when this photograph was taken. 
 
 Further tribological data were collected on just the pure diborides (TaB2, MoB2, WB2 and 
NbB2) using a reciprocating ball-on-flat tester (Figure 2.2). The ball-on-flat testing parameters 
were: load=10 N, oscillation frequency= 4 Hz, sliding distance=1000 meters. The testing was 
lubricant starved; three drops of oil, either 0W30 base oil or 0W30 base oil with 1% ZDDP (Zinc 
dialkyldithiophosphate) additive, were placed under the ball at the start of the test, and no 
further lubrication was added for the duration of the test. The wear on the sample was 
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characterized by SEM, XPS, and optical profilometry, while the wear on the ball was measured 
using optical profilometry. 
 
Figure 2.2. Reciprocating ball-on-flat tester. 
 Each sample was then cut using wire-cut electrical discharge machining (EDM) that had 
been retrofitted to be a wire-cut EDM rather than a die-sink EDM.  Each cut is done under a 
kerosene bath with two movable nozzles flush the cutting surface. This prevented removed 
material debris from lodging inside the cut. In order to minimize total cutting time, multiple 
samples were glued to an aluminum sample bar using crystal bond.  
 The first and second cuts were made 1.5 mm off of center in order to create a 3 mm 
wide bar from the middle of the material. The remaining semicircular pieces were then halved, 
making four approximately equal quarters. Figure 2.3 shows an example of a sectioned piece; 
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sections 1-4 are the approximately equal quarters, while section 5 is the bar removed from the 
middle of the sample. The bar removed from the middle of the sample was measured using 
calipers and sent to the Research Triangle Institute in Research Triangle Park, North Carolina, 
where an ULVAC ZEM-3 was used to measure the electrical resistivity of each sample. 
 
 
Figure 2.3. Diagram showing how each sample was sectioned.  
 The quartered sections of each sample were weighed and placed into three-dram vials 
and labeled for use in a corrosion study. Each sample had one quarter submerged in a 50% 
nitric acid solution, another quarter submerged in a 20% sodium hydroxide solution, the third 
quarter was submerged into a 5% (by mass) sodium chloride salt solution, and the last quarter 
was submerged into pure deionized water as a control. Each sample was left in the solutions for 
72 hours at a temperature of 22oC without stirring or agitation. After that time they were 
removed from their respective baths and ultrasonically cleaned in deionized water. They were 
then weighed for mass loss. The samples were then rinsed with acetone, ultrasonically cleaned 
a second time and weighed again. A third cleaning cycle was done with ethanol as the rinsing 
agent, followed by another weighing, in accordance with ASTM G1-03.  
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CHAPTER 3: RESULTS AND DISCUSSION 
 
3.1: X-ray Diffraction 
 
 Figure 3.1 shows the XRD pattern of the MoB2 sample. Reitveld refinement of the XRD 
pattern indicated that 77 at.%  of the specimen is the hexagonal allotropic room temperature 
phase of MoB2, which has a lower hardness than the high temperature, hexagonal, AlB2-type 
phase. Reitveld refinement also indicated that 20 at.% of the sample is MoB, an orthorhombic 
phase. The high temperature, AlB2-type MoB2 and MoB4 are also present in minute quantities 
(less than 2 at.%). Figure 3.2 shows the XRD pattern of the NbB2 sample. The sample was found 
to be  more than 98% NbB2, in the hexagonal AlB2 crystal structure. Trace amounts (<1 at.%) of 
Nb3B2, Nb3B4, and Nb5B6 were also found to be present. 
 
Figure 3.1. XRD analysis of MoB2. 
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Figure 3.2. XRD analysis of NbB2. 
 
 Figure 3.3 is the XRD pattern for the TaB2 sample. The TaB2 sample was also found to be 
mostly (97 at.%) TaB2, like the NbB2 sample, in the hexagonal AlB2 crystal structure. Minor 
amounts, consisting of less than 3%, were found to be TaB and Ta2B. The WB2 sample was 
found to consist of WB2, orthorhombic WB, tetragonal WB, and WO2. The XRD pattern and 
analysis can be seen in Figure 3.4. The majority of the sample is WB2 in the AlB2 hexagonal 
crystal structure. All of the mixed diboride samples XRD patterns and analyses can be found in 
Appendix 1.  
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Figure 3.3. XRD analysis of TaB2. 
 
 
Figure 3.4. XRD analysis of WB2. 
 
 Figure 3.5 shows the XRD patterns from the samples in the MoB2-NbB2 binary. It can be 
seen that as MoB2 is added to NbB2, the MoB2 simply substitutes for NbB2 in the crystal 
structure. Even in the Mo0.8Nb0.2B2 sample, the crystal structure remains that of NbB2. Looking 
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at the Mo-Nb-B ternary (see Appendix 2, Figure 1) it can be seen that the NbB2 phase remains 
stable out to a composition of Nb0.25Mo0.75B2. However, the ternary diagram is an isothermal 
section at 1400oC, which is the temperature at which the samples were hot pressed. However, 
the addition of 106 MPa of pressure could have further stabilized this NbB2 phase. 
 
 
Figure 3.5. XRD patterns from the MoB2-NbB2 binary. 
 
The XRD patterns from the samples in the MoB2-TaB2 binary can be seen in Figure 3.6. 
Similar to the MoB2-NbB2 binary, inside the MoB2-TaB2 binary the MoB2 substitutes for the TaB2 
in the crystal structure. However, in the Mo-Ta-B ternary phase diagram (See Appendix 2, 
Figure 2), there is complete solid solution shown between MoB2 and TaB2 in the hexagonal AlB2 
crystal structure. The peak shift in the MoB2-TaB2 binary, as well as MoB2-NbB2 binary, seen is 
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due to the size difference between the metal atoms. Molybdenum having a smaller atomic 
radius (136 pm) than that of niobium (143 pm) and tantalum (144 pm), causes the unit cell 
distance, d, to decrease, thus increasing Θ, in accordance with Bragg’s Law. 
 
Figure 3.6. XRD patterns from the MoB2-TaB2 binary. 
 
In Figure 3.7, the XRD patterns from the samples in the MoB2-WB2 binary can be seen. 
Unlike the previous binaries, the MoB2-WB2 binary shows a less extensive solid solution range 
of compositions. This agrees with the phase diagram (See Appendix 2, Figure 3), where there is 
a small amount of solid solution composition range (<10%), but the majority of the pseudo-
binary between the diborides is a two-phase region. In the analyses, it was found that the 
molybdenum formed MoB2 and MoB. As the amount of molybdenum decreased, the MoB2-AlB2 
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phase decreased, and more MoB was present. In the Mo0.2W0.8B2 sample, only 2% of the MoB2-
AlB2 phase was found. 
 
Figure 3.7. XRD patterns from the MoB2-WB2 binary. 
 
 Figure 3.8 shows the XRD patterns from the samples in the NbB2-TaB2 binary. There is 
complete solid solubility across the binary, confirmed by the B-Nb-Ta ternary (See Appendix 2, 
Figure 4). The peaks occurring at 2Θ values of 35o, 40o, and 58o that are seen in the mixed 
borides were found to be the (NbB, TaB) solid solution (see Appendix 1, Figures AP1.1-AP1.28 
for individual analyses). 
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Figure 3.8. XRD patterns from the TaB2-NbB2 binary. 
 
Figure 3.9 shows the XRD patterns from the WB2-NbB2 binary. From the analyses of the 
patterns, it was found that the NbB2 was quite stable. However, the WB2 was found to be less 
stable.  In the Nb0.2W0.8B2 sample, the only 70% was WB2, 7% was WB, the remaining portion 
was W2B5, in the Nb0.4W0.6B2 sample, 8.5% of the sample was also found to be WB rather than 
WB2. The trend continued with the Nb0.6W0.4B2 where 16% was found to be WB, and only 8% 
was determined to be WB2. The same trend occurred within the WB2-TaB2 binary, see Figure 
3.10. The TaB2 was fully present in the W0.8Ta0.2B2, but 25% of the tungsten was present as WB 
rather than as WB2. The percentage grew to 50% and then to 95% in the Ta0.6W0.4B2 and 
Ta0.8W0.2B2 samples, respectively. 
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Figure 3.9. XRD patterns from the WB2-NbB2 binary. 
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Figure 3.10. XRD patterns from the WB2-TaB2 binary. 
 
  
0
0.5
1
1.5
2
2.5
3
3.5
4
20 30 40 50 60 70 80 90 100
R
e
la
ti
ve
 I
n
te
n
si
ty
 (
A
.U
.)
 
2Θ (degrees) 
WB2
Ta0.2W0.8B2
Ta0.4W0.6B2
Ta0.6W0.4B2
Ta0.8W0.2B2
TaB2
31 
 
3.2: Hardness Testing 
Average Knoop hardness values have been compiled in Table 3.1. 
Table 3.1. Average Knoop Hardness for all samples 
Sample HK 
 
Sample HK 
MoB2 1100 
 
NbB2 1700 
WB2 2080 
 
TaB2 1770 
20% WB2 80% TaB2 1540 
 
20% MoB2 80% NbB2 1510 
40% WB2 60% TaB2 1370 
 
40% MoB2 60% NbB2 1660 
60% WB2 40% TaB2 1500 
 
60% MoB2 40% NbB2 1590 
80% WB2 20% TaB2 1480 
 
80% MoB2 20% NbB2 1750 
20% WB2 80% NbB2 1570 
 
20% TaB2 80% NbB2 1900 
40% WB2 60% NbB2 1600 
 
40% TaB2 60% NbB2 1920 
60% WB2 40% NbB2 1420 
 
60% TaB2 40% NbB2 2100 
80% WB2 20% NbB2 1550 
 
80% TaB2 20% NbB2 1950 
20% WB2 80% MoB2 690 
 
20% TaB2 80% MoB2 1440 
40% WB2 60% MoB2 650 
 
40% TaB2 60% MoB2 1600 
60% WB2 40% MoB2 720 
 
60% TaB2 40% MoB2 1560 
80% WB2 20% MoB2 1450 
 
80% TaB2 20% MoB2 1680 
 
Figures 3.11-3.13 show the average Knoop hardness of the WB2-TaB2 binary, WB2-NbB2 
binary and WB2-MoB2 binary, respectively. A red line has been added to show the hardness 
based on standard linear rule of mixtures. In all three binaries, there is a negative deviation 
from the rule of mixtures. In the case of the WB2-TaB2 binary, the decrease in the hardness of 
the samples is probably attributed to the formation of WB, rather than WB2. WB has been 
found to have a hardness value from 19.8 to 26.2 GPa, or about half that of WB2. The XRD 
analyses (See Appendix 1) showed that, in the pure WB2 sample, 87% of the sample was the 
WB2 phase and 10% was WB. As TaB2 was added, this ratio of WB2 to WB drastically changed to 
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favor WB. The ratio of WB2 to WB, which started at 8.7:1, went to 2:1 upon adding 20% TaB2. 
The sample with 40% TaB2 had a ratio of 1:1. In the 60% TaB2 40% WB2 sample, the ratio was 
1:20. The 80% TaB2 20% WB2 sample had a negligible (<1%) amount of WB2.  
 
Figure 3.11. Average Knoop hardness of WB2-TaB2 samples; error bars are 
 plus or minus one standard deviation (red line indicates linear rule of mixtures) 
 
 
Figure 3.12. Average Knoop hardness of WB2-TaB2 samples; error bars are  
plus or minus one standard deviation (red line indicates linear rule of mixtures) 
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 The WB2-NbB2 binary (Figure 3.12), showed the same negative deviation from the rule 
of mixtures, as WB2-TaB2. The same occurrence of WB forming rather than that of WB2 
happened when mixing WB2 and NbB2. The NbB2, unlike the TaB2, formed a minor amount (1.5 
at.%) of NbB in the W0.2Nb0.8B2 sample. This sample just like the W0.2Ta0.8B2, found to have <1 
at.% WB2 present. 
 The WB2-MoB2 binary (Figure 3.13) also showed a negative deviation in hardness. 
However, in the WB2-MoB2 binary, the amount of WB formed never exceeded 2%. Instead, it 
was found that MoB formed rather than MoB2. MoB, as stated in Table 1.1, has a hardness of 
16.4 GPa, which is lower than that of WB. So even though more WB2 was present, which should 
have improved the hardness, it was mixed with the softer MoB. 
 
Figure 3.13. Average Knoop hardness of WB2-MoB2 samples; error bars are  
plus or minus one standard deviation (red line indicates linear rule of mixtures) 
  
 In the MoB2-NbB2  system (Figure 3.14), the Mo0.2Nb0.8B2 sample had a slightly lower 
hardness than the linear rule of mixtures but was well within one standard deviation. However, 
the MoB2-NbB2 binary was determined to be a solid solution of MoB2 and NbB2 in the NbB2 
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crystal structure. This solid solution in the NbB2 crystal structure is most likely the reason that 
all of the mixed phase samples have similar hardness to that of the pure NbB2 sample. 
 
 
Figure 3.14. Average Knoop hardness of MoB2-NbB2 samples; error bars are  
plus or minus one standard deviation (red line indicates linear rule of mixtures) 
 
 Figure 3.15 shows the hardness values for the TaB2-NbB2 binary samples. TaB2 and NbB2 
have similar hardness, the same crystal structure, and form a solid solution at all compositions. 
These similarities suggest that one might see rule-of-mixtures behavior, but a positive deviation 
was found instead. This could be due to the intrinsic stress in the lattice resulting from a solid 
solution with metal atoms having slightly different radii. 
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Figure 3.15. Average Knoop hardness of TaB2-NbB2 samples; error bars are  
plus or minus one standard deviation (red line indicates linear rule of mixtures) 
 
 
Figure 3.16. Average Knoop hardness of TaB2-MoB2 samples; error bars are  
plus or minus one standard deviation (red line indicates linear rule of mixtures) 
  
The hardness measurements from the TaB2-MoB2 binary can be seen in Figure 3.16. 
MoB2 and TaB2 were also found to have complete solid solubility at all compositions. The phase 
of the solid solution is the same as TaB2, so similar to the NbB2-MoB2 binary’s hardness values 
compared to pure NbB2; the TaB2-MoB2 binary’s hardness does not exceed that of TaB2. 
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Of all the samples, the Mo0.4W0.6B2, Mo0.6W0.4B2, Mo0.2W0.8B2 were found to be the least 
hard, having Knoop hardness values of 718.0, 647.8, and 689.5, respectively. Even though only 
the Ta0.6Nb0.4B2 sample was found to have a higher hardness (2100.9 HK) than that of pure WB2 
(2082.5 HK), all TaB2-NbB2 samples were found to have a higher hardness than that of pure 
TaB2 and NbB2. Only one other sample, Mo0.8Nb0.2B2 was found to be harder than either of the 
pure diborides from which it was made. 
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3.3:  Loop Abrasion Testing 
After the loop abrasion test was completed, the wear scar was scanned using optical 
profilometery. Figure 3.17 shows the profilometry scan of MoB2. The optical scan can be found 
on the left of the figure, where the depth scale goes from red (high) to blue (low). On the scan 
there is a horizontal red line and vertical blue line, which correspond to the X Profile and Y 
Profile, respectively. The Y Profile shows a transverse section of the wear scar. Below the 
profiles is the calculated positive and negative volume. The positive volume all of the material 
was found to be above the average surface height. The negative volume is the volume of 
material missing below the average surface height. In order to find the total amount of volume 
removed from the abrasion test, the positive volume must be subtracted from the negative 
volume. This removes the negative volume related to the surface and leaves just the volume of 
material removed by the abrasion test. The optical scans of all 28 samples are presentd in 
Appendix 3. The wear volume from each sample was calculated and tabulated in Table 3.2. 
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Figure 3.17. Profilometry scan of MoB2 
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Table 3.2. Wear Volume measured from loop abrasion testing. 
Sample 
Wear Volume, 
µm3 
 
Sample 
Wear Volume, 
µm3 
MoB2 2.57 x 10
7 
 
NbB2 1.39 x 10
7 
WB2 1.00 x 10
7 
 
TaB2 6.70 x 10
6 
20% WB2 80% TaB2 4.12 x 10
6 
 
20% MoB2 80% NbB2 1.54 x 10
7 
40% WB2 60% TaB2 3.91 x 10
6 
 
40% MoB2 60% NbB2 1.09 x 10
7 
60% WB2 40% TaB2 6.69 x 10
6 
 
60% MoB2 40% NbB2 5.66 x 10
6 
80% WB2 20% TaB2 7.00 x 10
6 
 
80% MoB2 20% NbB2 4.83 x 10
6 
20% WB2 80% NbB2 1.13 x 10
8 
 
20% TaB2 80% NbB2 3.89 x 10
6 
40% WB2 60% NbB2 1.35 x 10
7 
 
40% TaB2 60% NbB2 7.02 x 10
6 
60% WB2 40% NbB2 1.33 x 10
7 
 
60% TaB2 40% NbB2 5.96 x 10
6 
80% WB2 20% NbB2 9.45 x 10
6 
 
80% TaB2 20% NbB2 4.39 x 10
6 
20% WB2 80% MoB2 7.53 x 10
6 
 
20% TaB2 80% MoB2 2.63 x 10
6 
40% WB2 60% MoB2 6.18 x 10
6 
 
40% TaB2 60% MoB2 2.89 x 10
6 
60% WB2 40% MoB2 3.22 x 10
6 
 
60% TaB2 40% MoB2 3.97 x 10
6 
80% WB2 20% MoB2 5.45 x 10
6 
 
80% TaB2 20% MoB2 3.18 x 10
6 
  
 Figure 3.18 shows the wear volume of the WB2-TaB2 binary. Even though the hardness 
was found to have a negative deviation from the rule of mixtures, the wear volume also had a 
negative deviation. In the WB2-NbB2 binary (Figure 3.19), the hardness had the same negative 
deviation, but the wear volume was linear. The formation of WB could have caused this 
behavior. In the WB2-TaB2 binary, the amount of WB found in each sample ranged from 26 to 
32 at.%, whereas in the WB2-NbB2 the WB content only ranged from 7 to 16 at.%. It appears 
that even though WB is not as hard as WB2, it does improve the wear resistance. 
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Figure 3.18. Wear volume of WB2-TaB2 samples  
(dark green line indicates linear rule of mixtures) 
 
 
Figure 3.19. Wear volume of WB2-NbB2 samples  
(dark green line indicates linear rule of mixtures) 
 
Figures 3.20 and 3.21 show the wear volume of the MoB2-NbB2 and MoB2-TaB2 binaries, 
respectively. There is a large negative deviation from the rule of mixtures in both of these 
binaries. Since the hardness had a positive deviation it is expected that the wear resistance 
0.00E+00
5.00E+06
1.00E+07
1.50E+07
2.00E+07
2.50E+07
0 20 40 60 80 100
W
ea
r 
V
o
lu
m
e,
 μ
m
3
 
% NbB2 
WB2-NbB2 
Wear Volume
41 
 
would increase and thus wear volume would decrease. However, this behavior is attributed, 
just as it was with the hardness, to the MoB2 being in solid solution in the AlB2 crystal structure. 
 
 
Figure 3.20. Wear volume of MoB2-NbB2 samples  
(dark green line indicates linear rule of mixtures) 
  
Figure 3.21. Wear volume of TaB2-MoB2 samples  
(dark green line indicates linear rule of mixtures) 
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 The NbB2-TaB2 binary samples were found to have a positive deviation in hardness so 
their negative deviation from the wear volume rule-of-mixtures line is to be expected. As 
previously stated, this improved behavior might be due to the intrinsic strain in the crystal 
lattice due to the solid solution forming from slightly different sized metal atoms. 
 
Figure 3.22. Wear volume of TaB2-NbB2 samples  
(dark green line indicates linear rule of mixtures) 
 
 The wear volume from the samples from the WB2-MoB2 binary is shown in Figure 3.23. 
The negative deviation in this binary is somewhat unexpected. The hardness data revealed a 
large negative deviation from the rule of mixtures, which would lead one to believe that the 
wear volume would increase. As previously stated, WB seemed to improve wear resistance, but 
not on this scale. However, in this binary, WB was not formed, instead WB2 formed. Instead 
WB2 was present, as was MoB2 in the AlB2-type structure. The formation of both of these hard 
phases is mostly likely the reason for the very low wear volume. 
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Figure 3.23. Wear volume of WB2-MoB2 samples  
(dark green line indicates linear rule of mixtures) 
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3.4: Reciprocating ball-on-flat testing 
 The ball-on-flat reciprocating wear test data for TaB2 are shown in Figures 3.24a-3.24d. 
No clear difference is evident between the base lubricant wear test data and the lubricant with 
the ZDDP additive wear test data. ZDDP usually reacts with a wear surface to form a tribofilm, 
to improve wear properties. However, the SEM micrograph of the wear scars (Figure 3.25) 
shows no difference between the wear scars. The optical profilometer was used to try to 
determine the wear volume from the test, but the scars were too small for the machine to 
differentiate between surface roughness and the wear track. However, the wear on the 
counter-surface, the steel ball, could be measured. Figure 3.26 shows an image taken at 50x 
magnification of the steel ball after the first test on TaB2 using ZDDP. The scan of said steel ball 
can be seen in Figure 3.27. All of the profilometry scans for the steel ball counterfaces can be 
seen in Appendix 4. The wear rates and the steady state coefficient of friction for each sample 
has been tabulated (see Table 3.3) at the end of this section. 
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Figure 3.24a. Reciprocating ball-on-flat wear data for TaB2 
 
 
Figure 3.24b. Reciprocating ball-on-flat wear data for TaB2 
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Figure 3.24c. Reciprocating ball-on-flat wear data for TaB2 
 
 
Figure 3.24d. Reciprocating ball-on-flat wear data for TaB2 
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Figure 3.25. SEM micrograph of wear tracks on TaB2. 
 
 
Figure 3.26. Image of steel ball counter-face for the ZDDP test on TaB2 at 50x magnification. 
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Figure 3.27. Optical profilmetry data for steel ball shown above. 
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 A reciprocating ball-on-flat tester was used to determine the coefficient of friction for 
each of the pure diborides. A base oil, 0W30, was used as lubricant in two tests and base oil 
plus 1% ZDDP was used as lubricant for another two tests. Figure 3.28 shows the results of said 
test for the pure MoB2 sample. Both of the base oil tests show a wear-in behavior common in 
most materials.  In the tests with ZDDP, the coefficient of friction actually increases slowly 
initially before achieving steady state. Images of the wear tracks were taken using an SEM (see 
Figure 3.29). The left two tracks are the tests that used ZDDP, and the right two tracks were just 
base oil. The ZDDP caused a reaction on the surface of MoB2; usually ZDDP forms a film on the 
surface of a wear scar, improving the wear behavior. 
 
Figure 3.28. Reciprocating ball-on-flat wear data for MoB2 
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Figure 3.29. SEM micrograph of wear tracks on MoB2. 
 
 The wear data for NbB2 are quite similar to those of TaB2. There was no difference 
between the coefficients of friction between the base oil and that of ZDDP (Figure 3.30). The 
spike in the first test using ZDDP on NbB2 (labeled NbB2-ZDDP-1 in Figure 3.30), is most likely 
due to a piece of wear debris breaking off and the new surface being worn in. The wear scars 
were so minimal, they are only faintly visible in the SEM micrograph, see Figure 3.31. 
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Figure 3.30. Reciprocating ball-on-flat wear data for NbB2 
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Figure 3.31. SEM micrograph of wear tracks on NbB2. 
 
 The friction data for WB2 (Figure 3.32) shows the coefficient of friction over the time of 
the wear test.  The wear tracks could not be distinguished on the surface using an SEM. Table 
3.3 shows the accumulated data from the reciprocating ball-on-flat tests. Comparing the 
coefficients of friction, it can be seen that the ZDDP additive affected only the coefficient in the 
case of MoB2 and it was a detriment. Of all the pure diborides, MoB2 had the lowest coefficient 
of friction using base oil, but WB2 was lower when the ZDDP was used. TaB2 had the highest 
wear of the steel counter-face with and without the ZDDP additive. With ZDDP, WB2 had the 
lowest wear. However, in just the base oil, MoB2 and NbB2 were observed to have an order of 
magnitude lower wear than TaB2 and WB2. 
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Figure 3.32. Reciprocating ball-on-flat wear data for WB2 
 
Table 3.3. Wear data from reciprocating ball-on-flat tests. 
 
Average Coefficient 
of Friction 
Wear volume of 
counterface, μm3 
 
Base Oil ZDDP Base Oil ZDDP 
MoB2 0.097 0.111 4,600 65,700 
NbB2 0.120 0.117 4,600 73,700 
TaB2 0.118 0.116 77,500 85,500 
WB2 0.105 0.101 36,500 58,600 
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3.5: Corrosion Testing 
Table 3.5 shows the percent weight change of each sample after its 72-hour, room-
temperature corrosion test. All of the samples showed no reaction in water. The average 
weight change for the samples left in water was 0.43 wt.%. That small increase presumably 
results from water becoming trapped in the pores near the surface. There are no trends shown 
as to which sample gained or lost mass. There was less than 1% weight change across all 
samples. The same is true for the samples tested with 20% sodium hydroxide (NaOH). The 
average weight change for all of the samples in 20% NaOH was 0.03 wt.%. The samples left in 
the 5% NaCl salt solution did show a reaction. Each of the samples seemed to develop a brown 
surface film, which did not come off during cleaning. Each sample left in the salt solution gained 
between 1.69 wt.% and 3.41 wt.%. However, just like with the water and basic solution 
samples, there were no trends. 
 The 50% nitric acid reacted with some of the samples. Within five minutes of the start of 
the test, the pure MoB2 sample was already completely dissolved. At the end of the study, all 
the samples with 80% MoB2 had lost ~65 wt.%. The W0.4Mo0.6B2 sample was also attacked by 
the acid and lost 45 wt.%. However, the W0.6Mo0.4B2 sample gained weight. Upon inspection it 
had a solid yellow coating, which most likely passivated the surface preventing the sample from 
being attacked. It is unclear why this occurred for this one sample.  
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Table 3.5. Corrosion test results 
 
Percent Weight Change 
Sample  Water 20% NaOH Salt 50% Nitric Acid 
MoB2 0.8% 0.2% 2.8% -100.0% 
NbB2 0.3% 0.2% 2.7% -0.2% 
TaB2 -0.4% -0.1% 3.0% -0.1% 
WB2 0.6% -0.4% 3.4% -0.7% 
20% MoB2 80% NbB2 0.5% 0.2% 2.3% 0.0% 
40% MoB2 60% NbB2 0.8% 0.1% 2.4% -100.0% 
60% MoB2 40% NbB2 0.6% 0.0% 2.9% -0.7% 
80% MoB2 20% NbB2 -0.1% 0.1% 2.9% -68.5% 
80% TaB2 20% MoB2 0.7% 0.5% 2.6% 0.6% 
60% TaB2 40% MoB2 1.0% 0.3% 2.2% 0.5% 
40% TaB2 60% MoB2 0.7% 0.0% 2.1% -0.7% 
20% TaB2 80% MoB2 0.5% 0.3% 2.5% -64.9% 
80% WB2 20% MoB2 0.4% 0.5% 2.8% -0.4% 
60% WB2 40% MoB2 -0.5% 0.3% 2.0% 1.5% 
40% WB2 60% MoB2 -0.3% 0.1% 2.6% -45.0% 
20% WB2 80% MoB2 0.1% 0.0% 1.7% -67.4% 
80% TaB2 20% NbB2 0.6% 0.8% 2.1% 0.4% 
60% TaB2 40% NbB2 0.1% 0.5% 3.2% 0.0% 
40% TaB2 60% NbB2 1.0% 0.1% 3.0% 0.1% 
20% TaB2 80% NbB2 0.4% -0.1% 2.4% 0.1% 
80% WB2 20% NbB2 0.8% -0.1% 2.5% -0.5% 
60% WB2 40% NbB2 0.8% -0.4% 2.4% 0.3% 
40% WB2 60% NbB2 0.1% -0.1% 2.3% 0.1% 
20% WB2 80% NbB2 1.0% 0.0% 3.1% 0.0% 
80% WB2 20% TaB2 0.1% -0.3% 3.0% 0.1% 
60% WB2 40% TaB2 1.0% -0.6% 2.3% 0.1% 
40% WB2 60% TaB2 0.5% -0.4% 2.6% -0.3% 
20% WB2 80% TaB2 -0.1% -0.9% 3.0% -0.5% 
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The Mo0.4Nb0.6B2 sample had an anomalous reaction. The sample was completely 
dissolved in the acid. But the byproduct of the reaction was completely different than the other 
samples. All the high content MoB2 samples, including the pure MoB2, had a fine light grey 
powder settled at the bottom of each vial. The Mo0.4Nb0.6B2 sample had a yellow powder 
settled on the bottom. The powder looked similar to that of the passivating coating found on 
the W0.6Mo0.4B2 sample. 
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CHAPTER 4: CONCLUSION 
 Twenty-eight diboride samples were prepared for this experiement by milling the blended 
elemental powders and hot pressing at 1400oC. These samples included four pure diborides (MoB2, 
NbB2, TaB2, and WB2) plus 24 mixed diboride samples with compositions at ever 20% increment of the 
six possible binary combinations between each of the pure diborides (e.g., Ta0.2W0.8B2, Ta0.4W0.6B2, 
Ta0.6W0.4B2, and Ta0.8W0.2B2). 
Each of the samples was analyzed by x-ray diffraction. The mechanical properties of the samples 
were characterized by loop abrasion testing, followed by optical profilometry. The pure diboride 
samples were additionally characterized by ball-on-flat testing. The hardness of the samples was also 
characterized using a Knoop indentation test. Electrical resistivity was measured by the four-point probe 
method. Corrosion testing was performed in pure water and in aqueous solutions of HNO3, NaOH, and 
NaCl. 
From XRD Reitveld refinement analyses, it was determined that the pure WB2 samples was 
found to be 10% WB and 87% WB2. However, upon mixing WB2 with NbB2 and TaB2, more WB was found 
to form the further the composition was from WB2. By the time the compositions reached 80% TaB2 or 
NbB2, all the tungsten was found to have formed WB rather than WB2. But mixing WB2 with MoB2 
seemed to maintain the WB2-phase. The molybdenum formed its monoboride rather than tungsten. 
The pure MoB2 sample was, similar to the pure WB2, found to be 20% MoB and 80% MoB2. 
However, this MoB2 phase was the room temperature MoB2 phase and not the harder AlB2-type high 
temperature phase. But, upon mixing, with TaB2 and NbB2, the AlB2-type high temperature phase was 
formed and minimal MoB and room temperature MoB2 phase were found. This is thought to occur 
beacuse NbB2 and TaB2 have no high temperature/low temperature allotropes, they only have the single 
diboride phase with has the AlB2-type crystal structure. All of the samples containing niobium formed 
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the appropriate NbB2. When mixed with TaB2, the two diborides formed a single-phase solid solution at 
all compositions produced.  
 The loop abrasion testing showed that the TaB2 sample had the lowest wear volume of all the 
pure samples with a wear volume of 6.70x106 μm3. MoB2 had the most wear of the pure diborides, with 
a wear volume of 2.57x107 μm3, presumably because the room-temperature phase has lower hardness 
than the other phases involved in this study. However, since the high temperature MoB2 phase was 
stabilized when mixed with TaB2, the TaB2-MoB2 mixed phase samples had the lowest overall wear 
volume of all the mixed phase samples.  
 Of the pure diboride samples, MoB2 showed the lowest coefficient of friction of 0.097 when 
tested with base 0W30 oil. MoB2 also had the lowest amount of wear in the ball on flat steel counter-
face (tied with NbB2) with 4600 μm
3. The ZDDP additive was found to be unreactive with the surfaces of 
WB2, TaB2 and NbB2, and had no effect on the coefficient of friction. However, it did increase the wear 
on the steel counter-face. ZDDP did react with the MoB2 surface but rather than decreasing the wear 
rate as ZDDP often does in such test, it was found to increase the coefficient of friction and the wear on 
the counter-face. 
 In the corrosion test, it was found that none of the samples reacted in deionized water or in 
20vol% sodium hydroxide (NaOH). All of the samples were also found to have reacted with the 5wt% 
sodium chloride (NaCl) aqueous solution, forming a thin surface film. The 50% nitric acid solution fully 
dissolved the MoB2 and removed ~65wt% of all of the samples with 80% MoB2. The Mo0.6W0.4B2 sample 
also lost 45wt%. 
 Based on these observations, the most wear-resistant material for engineering use would be the 
Nb0.8Ta0.2B2 mixed phase diboride. It had the low wear against abrasion, and it no reactivity with pure 
water, the acidic solution, or the basic solution. In addition, Nb0.8Ta0.2B2 would be a reaseonably priced 
material since its Nb content (a moderately priced element) is high and its Ta content (a high priced 
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element) is low.  NbB2 had one of the highest of the coefficients of friction but it had the lowest counter-
face wear, among the four pure diborides tested. 
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CHAPTER 5: FUTURE WORK 
 This project focused on determining the physical properties of MoB2, NbB2, TaB2, and 
WB2 and their improvement by mixing the diborides together. The high temperature AlB2-type 
MoB2 phase seemed to have great wear properties, but it was only formed when mixed with 
another of the diborides. The physical properties of pure AlB2 type MoB2 could be a promising 
new hard material. 
 One aspect that was not addressed is the possibility of ternary diboride samples. Mixing 
the diborides showed improvements in all the samples in one aspect or another. If three of the 
diborides were mixed it could further improve the properties. Specifically, the NbB2-MoB2-TaB2 
ternary would be of interest since the NbB2 and TaB2 have the AlB2-type phase and were shown 
to stabilize the same phase in MoB2. 
 The corrosive resistance of MoB2, or lack thereof, should be investigated. The 80% MoB2 
samples were mostly dissolved but some of the 60% MoB2 were not attacked by the acid at all. 
This could be due to the other phases being inert and preventing the MoB2 from being exposed. 
Another test would be to determine if a stronger base would have any effect on the samples.  
 
 
  
61 
 
APPENDIX 1: XRD ANALYSES 
 
 
Figure AP1.1. XRD Analysis of MoB2 
 
 
Figure AP1.2. XRD Analysis of NbB2 
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Figure AP1.3. XRD Analysis of TaB2 
 
 
Figure AP1.4. XRD Analysis of WB2 
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Figure AP1.5. XRD Analysis of Nb0.2Mo0.8B2 
 
 
Figure AP1.6. XRD Analysis of Nb0.4Mo0.6B2 
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Figure AP1.7. XRD Analysis of Nb0.6Mo0.4B2 
 
 
 
 
Figure AP1.8. XRD Analysis of Nb0.8Mo0.2B2 
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Figure AP1.9. XRD Analysis of Ta0.2Mo0.8B2 
 
 
Figure AP1.10. XRD Analysis of Ta0.4Mo0.6B2 
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Figure AP1.11. XRD Analysis of Ta0.6Mo0.4B2 
 
 
Figure AP1.12. XRD Analysis of Ta0.8Mo0.2B2 
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Figure AP1.13. XRD Analysis of Mo0.8W0.2B2 
 
 
Figure AP1.14. XRD Analysis of Mo0.6W0.4B2 
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Figure AP1.15. XRD Analysis of Mo0.4W0.6B2 
 
 
Figure AP1.16. XRD Analysis of Mo0.2W0.8B2 
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Figure AP1.17. XRD Analysis of Nb0.2Ta0.8B2 
 
 
Figure AP1.18. XRD Analysis of Nb0.4Ta0.6B2 
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Figure AP1.19. XRD Analysis of Nb0.6Ta0.4B2 
 
 
Figure AP1.20. XRD Analysis of Nb0.8Ta0.2B2 
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Figure AP1.21. XRD Analysis of Nb0.2W0.8B2 
 
 
Figure AP1.22. XRD Analysis of Nb0.4W0.6B2 
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Figure AP1.23. XRD Analysis of Nb0.6W0.4B2 
 
 
Figure AP1.24. XRD Analysis of Nb0.8W0.2B2 
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Figure AP1.25. XRD Analysis of Ta0.2W0.8B2 
 
 
Figure AP1.26. XRD Analysis of Ta0.4W0.6B2 
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Figure AP1.27. XRD Analysis of Ta0.6W0.4B2 
 
 
Figure AP1.28. XRD Analysis of Ta0.8W0.2B2 
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APPENDIX 2: TERNARY PHASE DIAGRAMS 
 
 
Figure AP2.1. Boron-Molybdenum-Niobium Phase Diagram (1971 Y.B. Kuz’ma) [112] 
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Figure AP2.1. Boron-Molybdenum-Tantalum Phase Diagram (1968 A.S. Sobolev) [113] 
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Figure AP2.1. Boron-Molybdenum-Tungsten Phase Diagram (1971 V.I. Kharitonov) [114] 
 
78 
 
 
Figure AP2.1. Boron-Niobium-Tantalum Phase Diagram (1972 Y.B. Kuz’ma) [115] 
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Figure AP2.1. Boron-Niobium-Tungsten Phase Diagram (1966 Y.B. Kuz’ma) [116] 
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Figure AP2.1. Boron-Tantalum-Tungsten Phase Diagram (1971 Y.B. Kuz’ma) [117] 
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APPENDIX 3: OPTICAL PROFILOMETRY SCANS OF LOOP ABRASION 
WEAR SCARS 
 
 
Figure AP3.1. Optical scan of wear scar for MoB2 
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Figure AP3.2. Optical scan of wear scar for NbB2 
 
83 
 
 
Figure AP3.3. Optical scan of wear scar for TaB2 
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Figure AP3.4. Optical scan of wear scar for WB2 
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Figure AP3.5. Optical scan of wear scar for Nb0.2Mo0.8B2 
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Figure AP3.6. Optical scan of wear scar for Nb0.4Mo0.6B2 
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Figure AP3.7. Optical scan of wear scar for Nb0.6Mo0.4B2 
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Figure AP3.8. Optical scan of wear scar for Nb0.8Mo0.2B2 
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Figure AP3.9. Optical scan of wear scar for Ta0.2Mo0.8B2 
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Figure AP3.10. Optical scan of wear scar for Ta0.4Mo0.6B2 
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Figure AP3.11. Optical scan of wear scar for Ta0.6Mo0.4B2 
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Figure AP3.12. Optical scan of wear scar for Ta0.8Mo0.2B2 
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Figure AP3.13. Optical scan of wear scar for Mo0.8W0.2B2 
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Figure AP3.14. Optical scan of wear scar for Mo0.6W0.4B2 
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Figure AP3.15. Optical scan of wear scar for Mo0.4W0.6B2 
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Figure AP3.16. Optical scan of wear scar for Mo0.2W0.8B2 
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Figure AP3.17. Optical scan of wear scar for Nb0.2Ta0.8B2 
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Figure AP3.18. Optical scan of wear scar for Nb0.4Ta0.6B2 
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Figure AP3.19. Optical scan of wear scar for Nb0.6Ta0.4B2 
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Figure AP3.20. Optical scan of wear scar for Nb0.8Ta0.2B2 
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Figure AP3.21. Optical scan of wear scar for Nb0.2W0.8B2 
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Figure AP3.22. Optical scan of wear scar for Nb0.4W0.6B2 
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Figure AP3.23. Optical scan of wear scar for Nb0.6W0.4B2 
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Figure AP3.24. Optical scan of wear scar for Nb0.8W0.2B2 
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Figure AP3.25. Optical scan of wear scar for Ta0.2W0.8B2 
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Figure AP3.26. Optical scan of wear scar for Ta0.4W0.6B2 
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Figure AP3.27. Optical scan of wear scar for Ta0.6W0.4B2 
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Figure AP3.28. Optical scan of wear scar for Ta0.8W0.2B2 
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APPENDIX 4: STEEL BALL COUNTER-FACE PROFILOMETRY SCANS 
 
Figure AP4.1. Profile of steel ball counter face used with ZDDP on MoB2. 
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Figure AP4.2. Profile of steel ball counter face used with ZDDP on MoB2. 
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Figure AP4.3. Profile of steel ball counter face used with ZDDP on WB2. 
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Figure AP4.4. Profile of steel ball counter face used with base oil on WB2. 
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Figure AP4.5. Profile of steel ball counter face used with ZDDP on NbB2. 
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Figure AP4.6. Profile of steel ball counter face used with base oil on NbB2. 
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Figure AP4.7. Profile of steel ball counter face used with ZDDP on TaB2. 
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Figure AP4.8. Profile of steel ball counter face used with base oil on TaB2. 
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